Respiration of Crithidia fasciculata was more than 90 % inhibited by 0.5 mM-KCN or by a 19: I, CO: 0, gas mixture. Low-temperature difference spectra indicated the presence of a-, b-and c-type cytochromes and several CO-reacting haemoproteins. Photochemical action spectra revealed that cytochrome a3 and another component (with an a-band in the CO-liganded state at 570 nm) act as functional terminal oxidases; no evidence was obtained for the presence of a functional cytochrome 0. Extracts of the organism contain a cyanide-sensitive and CO-insensitive cytochrome c peroxidase. The possible identity of the haemoprotein(s) reacting with CO to give a Soret absorption maximum at 418 nm and previously referred to as cytochrome o is discussed.
was added to give 2-5 mg/l. The medium was adjusted to pH 8.0 to 8-2 with 2-0 M-HCI, made up to the final volume with distilled water and autoclaved (ro3 kNm-2 for 20 min) in 200 ml amounts in I 1 conical flasks or in 6 1 amounts in a 14 1 Microferm Laboratory Fermentor (New Brunswick Scientific Co., New Jersey, U.S.A.). The organism was maintained in tubes containing 10 ml of this medium or on slopes of medium containing 2 % agar. Growth of organisms was measured by counting in a haemacytometer slide (Thoma, Type B, Hawksley, London) . Cultures were inoculated with organisms from the late exponential phase of growth; the initial population was 2 x 106 organisms/ml. Cultures were grown at 29 "C in a rotary orbital shaker (Gallenkamp & Co., London E.C.2) for 48 h at 150 rev./min, or in the Fermentor with a stirring rate of 90 rev./min under forced aeration at I 1 air/l medium/min. Sterile silicone MS antifoam RD (0.05 %) was added to prevent foaming. The population at the stationary phase of growth was 2 to 2-5 x 1oS organismslml; the doubling time in the exponential phase of growth was 5 to 5.5 h. Except where otherwise stated, cultures were harvested in the late exponential phase of growth when the population was 1oS organisms/ml. Harvesting was by centrifugation at 4 "C for 10 min at 1500 g (raT. = I 1-6 cm) in the 6 x 250 ml rotor of an MSE centrifuge or at 1500 g (rave = 24 cm) in the 6 x I 1 rotor of an MSE Mistral centrifuge.
Organisms were washed in 20 mM-potassium phosphate buffer (pH 8-0) and finally resuspended to a known density in this buffer.
Preparation of cell-free extracts. Washed organisms were resuspended in a buffer containing 0.25 M-Sucrose, 10 mM-tris HCI and 2 mM-MgC1, (pH 8.0) and treated with digitonin as described by Kusel & Storey (1972) . Disruption was by repeated passages of a 40 % (wlv) suspension of organisms through a Chaikoff Press (Misco, Berkeley, California, U.S.A. ;
Emanuel & Chaikoff, 1957) until at least 50 % of the organisms were broken. Intact organisms and nuclei were removed by centrifuging at 680 g (rav. = 7-6 cm) for 10 min in the 8 x 50 ml rotor of an MSE 18 centrifuge. The supernatant was termed whole homogenate. All procedures were conducted at 4 "C.
Analytical methods. Polarographic measurements of oxygen uptake by whole-cell suspensions were made with an oxygen electrode (Lloyd & Brookman, 1967) . Manometric measurements of respiration were made in a conventional Warburg apparatus (Umbreit, Burris & Stauffer, 1957) ; flasks were shaken at 120 cycles/min and at 2-5 cm amplitude. Photochemical action spectra were also determined manometrically. The light source was a focused 300 W projector lamp at 25 cm from the Warburg flask; Filtraflex-B-40 interference filters (Balzers Ltd, Berkhamsted, Hertfordshire) were used to obtain light of different wavelengths. Difference spectra of samples at the temperature of liquid N2 were obtained using a Unicam SP 1800 U.V. spectrophotometer fitted with special cuvettes. These were constructed from aluminium strips and had Perspex windows (path length 2 mm). They were positioned 3 cm from the photomultiplier tube and immersed up to the windows in liquid Nz contained in a specially constructed Dewar vessel. Protein was measured by the method of Lowry, Rosebrough, Farr & Randall (1951) , with bovine plasma albumin as a standard.
Assays of cytochrorne c peroxidase activity. Assays for cytochrome c peroxidase activity were based on the procedure described by Yonetani & Ray (1965) . Cytochrome c (30 ,UM in 50 mwpotassium phosphate buffer, pH 7.0) was reduced by addition of a grain of sodium borohydride. Control experiments showed that extracts of Crithidia fasciculata were not 100 able to catalyse reoxidation of this cytochrome c in the absence of H202 or ethyl hydrogen peroxide. Ethyl hydrogen peroxide (80 mM) used as substrate gave a non-enzymatic reoxidation of cytochrome c and the rates of this reaction (2.5 nmol/min/2 ml reaction volume) were subtracted from those obtained in the presence of the extracts. Chemicals. Proteose peptone was obtained from Difco Laboratories, Detroit, Michigan, U.S.A., liver digest from Oxoid Ltd., London S.E.1, Tween 80 from Koch-Light Laboratories, Colnbrook, Buckinghamshire, and silicone MS antifoam RD from Hopkin & Williams, Chadwell Heath, Essex. Ethyl hydrogen peroxide was from Ferrosan, Malmo, Sweden; haemin (type IIT equine), cytochrome c (type 111, horse heart) and digitonin were all from Sigma Chemical Co., Kingston-upon-Thames, Surrey.
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R E S U L T S
Inhibition of respiration by cyanide and CO Both the endogenous and glycerol-supported respiration of washed, whole organisms of Crithidiafasciculata were more than 90 % inhibited by 0.5 mM-KCN (Fig. I) . Respiration in the presence or absence of glycerol was decreased by 50 % when organisms were incubated in manometer flasks containing a I 9 : I , N2 : O2 gas phase (Fig. 2 ) . A 19 : I , CO : O2 gas mixture gave almost complete inhibition of respiration; partial release of this inhibition was produced by illumination with white light. The extent of inhibition by CO and CN-under these conditions was similar for organisms harvested at early or late exponential phases of growth, or at stationary phase. Differences were evident in the sensitivities to inhibition by CO in the dark of organisms harvested at these three growth stages (Fig. 3) . The extent to which illumination reverses this inhibition by CO depends upon both the relative concentrations of CO and 02, and the time of harvesting of cells. washed organisms from the late exponential phase of growth in the main compartment, and, unless indicated, glycerol (60 mM). Total liquid volume was 3.0 ml, and temperature of incubation 22 "C. Flasks I and 2 contained air, flasks 3 and 4 contained a I g : I , N, : 0, gas mixture and flasks 5 and 6 contained a 19: I , C O : 0, gas mixture. Flasks I , 3 and 6 contained glycerol; flasks z,4 and 5 were endogenous controls. Flasks 5 and 6 were illuminated with white light at the point indicated by an arrow.
Photochemical action spectra for the relief of CO inhibition Respiration rates of organisms under a 19: I , CO: O2 gas phase were measured during exposure to visible light of different wavelengths (Fig. 4) . In the Soret region a single maximum of respiration occurs in the photochemical action spectrum at 426 to 432 nm. The a-band region has a major contribution at 592 nm and a second maximum is evident at around 570 nm. Similar action spectra were given by organisms harvested at different stages of growth.
Cytochromes in low-temperature spectra Difference spectra of whole cell suspensions were recorded at the temperature of liquid N, in the split-beam spectrophotometer. The contents of the reference cuvette were maintained in the oxidized stilte by the addition of H,02, and the sample cuvette contained a suspension of organisms allowed to become anaerobic in the presence of glycerol. The Oxygen uptake of organisms harvested at late exponential phase of growth ( I .08 x IO* organisms/ml) was measured manometrically under light of different wavelengths as described in Methods, in the presence (--0 --) and absence (-0 -) of 60 niM-glycerol. No correction was made for variation of energy content through the spectrum.
presence of cytochromes a + a3 was indicated by maxima at 602 and 445 nm (Fig. 5) 
CO-reacting haemoproteins
A suspension of intact organisms was allowed to become anaerobic in the presence of glycerol in both reference and sample cuvettes, and the contents of the sample cuvette were then sparged with CO for 2 min. A difference spectrum indicated the presence of several CO-reacting haemoproteins (Fig. 6) . Reaction of cytochrome a3 with CO resulted in the formation of absorption minima at 600 and 445 nm; the reduced cytochrome a,-CO complex showed absorption maxima at 590 and at 435 nm. Absorption minima at 555 nm (shoulders at 560 and 550 nm) and at 426 to 429 nm indicate the presence of other CO-reacting haemoproteins. Shoulders at 568 to 570 nm, 453 nm and 418 nm result from the absorption Wavelength (nm) Fig. 6 . Low-temperature CO-difference spectrum of Crithidia fasciculata harvested from the stationary phase of growth. Both cuvettes initially contained 3 x 109 organisms/ml allowed to become anaerobic in the presence of g rn~~glycerol; the reference cuvette was bubbled with CO for z min, and both cuvettes were immersed in liquid N, before recording the absorption spectrum. Spectral bandwidth was I nm and the path length 2 mm. Yeast cytochrome c Maxima of the CO-complexes formed. CO difference spectra of cells harvested at different stages of growth showed similar characteristics. (1959) found that extracts of Crithidia oizcopelti do not catalyse the oxidation of reduced mammalian cytochrome c at a measurable rate. Extracts of C. fasciculata also show no activity in this conventional assay for cytochrome c oxidase activity, but a reaction does occur when ethyl hydrogen peroxide is present. The specific activity of cytochrome c peroxidase in whole homogenates was 160 nmol cytochrome c oxidizedlminl mg protein. The rate of the reaction was not decreased when assays were performed in the presence of CO-saturated buffer, but 0.5 mM-KCN gave go % inhibition of the enzyme (Fig. 7) .
The presence of cytochrome c peroxidase
Fulton & Spooner
D I S C U S S I O N
The respiration of Crithidia fasciculata is almost entirely mediated by cyanide-sensitive oxidases. Organisms incubated under a 19: I mixture of N,: O2 respire at one-half the rate of those in air, and this result indicates the presence of an oxidase, alternative to cytochrome a3, with a low affinity for 02. Variation in sensitivity to inhibition by CO at different times of harvesting, and differences in the light sensitivity of the CO-inhibited oxidases, suggest that changes in the pathways of terminal oxidation may occur through the phases of growth in a batch culture. However, no significant alterations in CO-binding pigments or in photochemical action spectra of release from CO inhibition were detectable. These action spectra clearly indicate the presence of cytochrome a3 as a functional oxidase, but do not give any support to the view that the haemoprotein showing an absorption minimum at 426 to 429 nm (A,,, at 418 nm for the CO-liganded form) plays any role in terminal oxidation. There is evidence, however, for another CO-binding component which contributes both to action spectra and CO difference spectra at approx. 570 nm. If this pigment has a Soret band in action spectra, then we have been unable to resolve it from that of the CO-complex of cytochrome a3. This pigment is clearly different from 'cytochrome 0' (Hill & Anderson, 1970; Hill, 1972) which shows absorption maxima at 570, 540 and 410 to 420 nm in the CO-liganded state. The spectral characteristics of this so-called cytochrome o are evident in the CO difference spectra presented here, but it is suggested that these absorption maxima may have contributions from one or more of the following haemoproteins containing protohaem in a high spin state: (i) it may have a contribution from haemin taken up by the Haemoproteiizs of Crithidiu fasciculata 283 organisms from the growth medium; (ii) it may arise as a degradation product of cytochrome P-450 (Omura & Sato, 1964); (iii) it may represent a Crithidial haemoglobin; (iv) it might be due to a cytochrome precursor such as protohaem or the product of cytochrome b degradation, or (v) it might represent absorption due to cytochrome c peroxidase (Yonetani & Ray, 1965) . The positions of absorption maxima and minima in CO difference spectra of C. fasciculata are compared in Table I with those of haemin-containing growth medium, cytochrome a3 (Chance, 1953) , and purified yeast cytochrome c peroxidase (Yonetani & Ray, 1965) . This latter enzyme occurs in extracts of C. fasciculata, and accounts for the absorption maximum at 438 nm in reduced-oxidized difference spectra. This haemoprotein can by-pass cytochrome a3 during electron transport in yeast mitochondria (Erecinska, Oshino, Loh & Brocklehurst, 1973) . Further work is necessary to establish such a function for cytochrome c peroxidase in C. fasciculata.
